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Block  19.  (Abstract  cont) 

orientation  by  the  MoSj.  For  asperity  contact  temperatures  significantly  above  the  softening 
point  of  B2O3,  the  friction  coefficient  returned  to  about  the  same  value  as  for  temperatures 
below  the  softening  point.  It  is  speculated  that  B2O3  liquifies  resulting  in  the  oxide 
acting  less  adhesively  thereby  lowering  the  friction  coefficient.  This  1 iquification  also 
provides  a  mechanism  for  greater  loss  of  M0S2  and  an  increased  wear  rate. 

These  observations  support  a  hypothesis  that  an  additive,  such  as  boric  oxide,  can  soften 
as  the  asperity  contact  temperature  approaches  the  softening  point  temperature  of  the 
additive  so  that  the  overall  tribological  conditions  may  be  improved  resulting  in  reduced 
interfacial  wear.  Different  thermal  or  pressure-velocity  (PV)  conditions,  for  this  same 
additive,  wt 1 1  significantly  detract  from  optimum  conditions. 
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SECTION  I 

INTRODUCTION 

The  limit  at  which  synthetic  fluids  can  act  as  a  lubricant  is 
generally  accepted  to  be  around  70C°F  due  to  vaporization  and  thermal 
degradation  (1).  kt  this,  and  higher  temperatures,  solid  lubricants  become 
very  important  due  to  their  tnermal  and  oxidative  stability.  Solid 
lubricants  are  also  important  for  other  applications  in  which  liquid 
lubricants  can  become  contaminated  or  cannot  support  the  required  load  (2). 
Other  advantages  of  solid  lubricants  are  good  stabilities  at  extreme 
temperatures,  light  weight,  and  better  separation  of  mating  surfaces  when 
sliding  slowly  under  high  loads.  Some  disadvantages  of  a  solid  lubrication 
system  include  the  following:  friction  coefficients  are  generally  higher 
for  solid  lubricants  than  for  fluids,  finite  wear  lives,  and  feed  rates  of 
gas  -  entrained  solid  lubricants  must  be  carefully  controlled  to  prevent 
clogging  and  binding  with  excess  lubricant  if  a  powder  delivery  system  is 
employed  (3).  Examples  of  solid  lubricants  in  use  today  are  molybdenum 
disulfide  (MoS,,)  and  graphite. 

Various  materials  may  be  added  to  solid  lubricants  for  the  purpose  of 
improving  the  wear  volume  and/or  friction  coefficient.  In  order  to  narrow 
•iown  the  list  of  candidates  for  a  solid  lubricant  additive,  it  is  important 
to  understand  how  the  additive  performs  beneficially  and  the  criteria  which 
are  critic;.’  in  their  selection. 


Recent  research  presents  a  hypothesis  which  states  that  some  additives 
improve  solid  lubricant  performance  due  to  the  additives'  ability  to  soften 
at  the  asperity  contacts,  under  certain  conditions,  which  permits  the  solid 
lubricant  to  attain  and  retain  a  prel erred  orientation  thereby  improving 
the  overall  tribological  situation  (4),  The  number  of  real  area  contacts 
between  the  pellet  and  substrata,  at  any  one  time,  is  highly  dynamic. 
Pictures  taken  of  steel  pins  sliding  on  a  disk,  with  exposure  times  of  less 
than  33  milliseconds,  show  the  number  of  asperity  contacts  to  be  roughly 
constant  at  seven  plus  or  minus  three,  suggesting  a  minimum  three  point 
contact.  The  asperity  contact  temperature  is  estimated  to  be  roughly  200°C 
above  the  surface  temperature  of  the  substrate  (5). 

To  more  closely  examine  this  hypothesis  boric  oxide,  B?03,  was 


selected  for  formulation  with  MoS,,  so  that  tribological  studies  could  be 


conducted  above  and  below  the  glass  transition  (Tg)  temperature  (253°C)  of 


the  additive  to  determine  where  performance  of  the  solid  lubricant  would  be 
enhanced  by  the  additive.  Two  criteria  used  to  assess  the  performance  of 


MoS,./B„CL  formulations  were  the  friction  coefficient  and  wear  volume  in  a 

C  CO 


sliding  wear  test. 
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SECTION  II 


EXPERIMENTAL 

To  assure  that  wear  volumes  and  friction  coefficients  generated  in  the 
pellet  tests  were  not  due  to  a  few,  large,  hard  particles,  the  was 
sieved  through  a  nickel  screen  to  a  size  no  larger  than  75  microns 
(Fig.  1).  53.4  mg  of  the  sieved  B203  and  246.4  mg  of  Mo$2  were 
mechanically  mixed  in  a  test  tube  with  a  vortex  spinner  to  insure  good 
dispersion  of  the  two  powders.  The  mixed  powder  was  formed  at  about 
25000  psi  into  a  compact  cylinder  with  a  conically  shaped  tip.  The  cone 
was  then  trimmed  on  a  lathe  to  an  angle  of  21.8  degrees  (Fig.  2).  The 
compressed  pellet  was  mounted  and  counterbalanced  in  a  MR1  MARK  VB  wear 
test  machine  (6)  and  axially  loaded  with  100  grams.  The  cone  rested  on  an 
isopropanol  washed,  0.002  inch  thick,  stainless  steel  substrate  which  was 
rigidly  mounted  on  a  heated  metal  support.  The  substrate  was  rotated  at 
450  rpm  for  each  test.  Insignificant,  minor  variations  in  rpm  was  noted 
throughout  the  tests.  The  pellet  arm  holder  is  linked  to  a  linear  voltage 
differential  transformer  (LVDT).  The  tangential  load  exerted  by  the 
sliding  pellet  causes  a  deflection  of  the  LVDT  which  was  recorded 
continuously  throughout  each  test  on  a  strip  chart  recorder.  LVDT 
deflection,  as  a  function  of  static  load,  was  calibrated  before  each  run. 
The  distance  between  the  cone  tip  and  the  center  of  rotation  was  measured 
after  each  run.  Friction  coefficients  were  calculated  using  these  data. 

The  wear  test  machine  is  equipped  with  a  bell  jar  permitting  control 

_3 

of  the  test  atmosphere.  Before  each  run,  a  vacuum  was  drawn  to  10  torr 
and  tfa  chamber  then  recharged  with  filtered,  dry  air.  This  process  was 


SO*  St 


repeated  three  times  to  insure  a  dry  atmosphere.  and  compacted 

pellets  were  stored  in  a  dessicator  at  all  times  other  than  during 
preparation  or  testing. 

Triplicate  pellet  tests  -were  run  for  10  minutes  at  21°C.  100°C,  150°C, 

200°C,  250°C,  300°C,  and  316°C.  After  each  test,  the  diameter  of  tne  wear 

cone  was  measured  using  a  Baush  and  Lomb  stereomicroscope  which  was 

calibrated  using  a  stage  micrometer.  The  wear  volume  of  each  pellet  was 

calculated  knowing  the  radius  of  the  wear  cone  and  the  geometric 

configuration  of  the  pellets.  Calculation  of  wear  volume  is  as  follows: 

Volume  =  (tT/3)r2h  =  1.047r2h 

for  a  21.8°  cone,  h  =  0.39997r 

3 

or,  volume  =  0.4188r 
where  r  =  radius  of  wear  cone  base 
and  h  =  height  of  wear  cone  of  removed  material 
After  each  test,  the  worn  pellets  were  evaporatively  coated  with  gold  and 
the  wear  area  examined  in  an  Amray  1600  Scanning  Electron  Microscope  (SEM). 
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SECTION  III 


RESULTS 

Surnmaries  of  the  friction  coefficients  and  wear  volvnes  as  ~  farc^i©?. 

of  test  temperatures  are  given  in  Tables  i  and  2.  Outlying  data  ware 

emitted  for  various  reasons  including  failure  to  vent  ine  cceffiber  t-  a*®- 
before  a  run  and  breaking  of  the  conical  pellet  tip  at  tie  start  3©  if  a 
test. 

As  seen,  the  data  indicate  that  the  friction  coefficients  ifiGrease 
significantly  up  to  1S0°C  after  which  there  is  a  dreuatic  feciise.  'sf« 
average  wear  volume  is  large  at  21*C  with  a  valse  of  O.A3  ssc5. 
wear  volumes  are  generated  up  to  a  test  tesc-ersture  of  sfeers  v.C2  tss” 

of  wear  is  generated.  As  the  tesosrature  is  increased  so  315T '< .  ?5*  wear 
volume  increases  slightly  to  S.06  aa3. 

5 EM  photographs  of  the  roes  fester*. tyre  wear  pellets  eailiUsS  vri^t 

in  the  wear  surfaces  {Fig.  3).  Appearance  of  t fee  wsssr  for  lasts 

ran  below  15Q°C  are  irregular  with  jagged  csges.  At  ttee  test  sens«*nt'S«re 
of  I50°C,  the  wear  surface  becaeer  sore  circular  vita  majipsi  e©5*f$._ 
Evidence  of  plastic  deforssstien  is  observed  i=  tie  ~~£r  ssrftoe  4~rr  sseliats 
ran  at  a  test  teiaerat-ire  of  j5o~C  (Fie.  As  tessserat^ss  f-yr'Chw 

increased  to  316'C,  the  wear  surface  retains  a  isssmaed  ^gseerssTtct  ■*n*‘h  * 
smooth  surface.  Plastic  ©efe-mstic^  of  material,  isi  tit?  *i*+m  n 


still  evident  at  3I6'C. 
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SECTION  IV 


DISCUSSION 

The  wear  data  generated  indicate  that  wear  volume  for  B^O^/MoS^ 
compacts  varies  with  test  temperature.  Wear  volumes  of  the  pellets  ran  at 
room  temperature  were  large  compared  to  wear  generated  at  higher 
temperatures.  A  SEM  examination  of  the  21°C  wear  surface  revealed  many 
voids  (Fig.  3).  It  is  speculated  that  BgO^  acts  as  an  abrasive  at  the 
interface  and  generated  voids  when  some  of  the  oxide  particles  are  torn 
from  the  compact  matrix.  This  mechanism  explains  the  high  wear  volume 
occurring  at  room  temperature.  The  inclusion  of  brittle,  abrasive  material 
into  the  MoS^  would  also  account  for  the  comparatively  high  friction 
coefficient. 

At  the  test  temperature  of  150° C,  there  is  a  noticeable  reduction  in 
the  wear  volume  and  increase  in  friction  coefficient  as  compared  to  the 
lower  test  temperatures  (Figs.  5  and  6).  The  low  wear  volume  at  this 
temperature  is  attributed  to  softening  at  asperity  contacts  and 

plastically  deforming,  thereby  allowing  MoS2  crystallites  to  obtain  and 
retain  a  preferred  tribological  orientation. 

The  increase  in  the  friction  coefficient,  at  150°C,  may  be 
rationalized  by  an  increased  "tackiness"  of  the  *  which  is  now  acting 
adhesively.  The  result  of  this  increased  "tackiness"  is  the  creation  of  a 
large  tangential  force  resulting  in  an  increased  friction  force  (Fig.  6). 
Similar  behavior  has  been  observed  for  boron  carbide  sliding  on  stainless 
steel  in  air.  In  that  system,  boron  carbide  oxidizes  to  fcrm  a  "sticky" 
boron  oxide  film  which  then  increases  the  friction  (7). 


It  has  been  shown  that  the  asperity  contact  temperature  for  sliding 

speeds  in  the  range  of  200  cm/sec  with  selected  materials  is  generally 

about  200°C  above  the  test  temperature  (8).  There  are,  however,  many  other 

factors  which  can  influence  the  actual  temperature  of  these  contact  areas. 

For  these  series  of  tests,  the  sliding  speed  was  50  cm/sec  which  would 

create  lower  asperity  contact  temperatures  than  the  predicted  estimate 

because  less  frictional  heat  is  being  generated  and  contact  materials  are 

different.  The  softening  point  of  the  Bo0,,  which  corresponds  to  its  T„, 

co  g 

has  been  reported  as  253°C  ( 526°K )  (9).  It  would  not  be  unreasonable, 
therefore,  to  assume  that  the  asperity  contact  temperature  would  be  in  the 
range  of  250°C  to  300°C,  at  substrate  temperature  of  lBO^C.  It  should  be 
kept  in  mind  that  water  may  play  a  role  in  determining  the  Tg  of  B^Og  which 
in  turn  will  effect  the  temperature  at  which  B203  will  soften.  The  Tg  of  a 
substance,  such  as  B^,  is  also,  of  course,  a  dynamic  quantity  which 
depends  on  the  rate  of  cooling  or  heating  of  the  amorphous  material  which 
may  influence  near  surface  performance  of  the  additive. 

When  the  substrate  temperatures  were  increased  to  above  150°C,  the 
wear  volume  increased  slightly  and  yielded  a  friction  coefficient  equal  to 
the  average  value  it  possessed  below  I50°C.  The  fact  that  the  frictional 
coefficient  returned  to  its  pre-150°C  value  lends  support  to  the  concept 
that  the  high  friction  coefficient  at  150°C  is  caused  by  the  B2O3  becoming 
tacky. 

At  temperatures  higher  than  150°C,  it  is  presumed  that  B203  becomes 
much  less  viscous  at  the  asperity  contacts  which  permits  MoS^  to  be  removed 
from  the  interface,  which  provides  a  rationalization  for  a  lower 
coefficient  of  friction  and  higher  wear  rate. 

12 
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Data  from  a  previous  study  (4)  show  that  the  wear  volume  for  M0S2  is 
around  0.2  mm3  for  a  20  minute  run  at  21°C.  B000/MoS0  run  under  the  same 

CO  L 

conditions  for  only  10  minutes,  generated  a  wear  volume  of  0.43  mm3. 

B2O2/M0S2  compacts  tested  at  temperatures  over  100° C,  generated  average 

3 

wear  volumes  under  0.06  mm  while  MoS£  alone  exhibited  wear  volumes  over 
3 

0.17  nm  .  Friction  coefficients  for  B^O^/MoS^  pellets  at  those 
temperatures,  with  the  exception  of  150° C,  were  around  0.15  which  are 
similar  to  those  generated  by  MoS^. 

The  wear  data  suggest  that  there  is  a  test  temperature  at  which  there 
will  be  a  minimum  wear  volume  (Fig.  5),  due  to  complex  physical 
interactions  between  the  solid  lubricant,  additive,  and  the  substrate 
surface,  which  corresponds  to  near  the  maximum  in  friction  coefficient 
(Fig.  6). 


SECTION  V 


CONCLUSIONS 

This  study  supports  the  hypothesis  that  selected  additives  soften 
under  appropriate  asperity  contact  conditions  permitting  the  solid 
lubricant  to  attain  and  retain  a  preferred  orientation  thereby  improving 
tribological  conditions.  used  here  as  an  additive  in  HoS^  resulted  in 

a  maximum  64%  reduction  in  wear  volume  and  an  increase  in  the  friction 
coefficient  when  the  asperity  contact  temperature  nears  the  softening  point 
of  the  oxide. 

Test  temperatures  significantly  below  the  softening  point  of  the  oxide 
evidently  causes  the  additive  to  act  as  an  abrasive  with  high  wear  and  a 
high  friction  coefficient.  At  relative  high  temperatures,  B203  becomes 
softer,  perhaps  even  to  the  point  of  becoming  liquid,  permitting  easy 
removal  of  compact  material  at  or  near  the  contact  points.  Thus,  the 
increased  fluidity  of  B203  causes  it  to  be  less  adhesive  which  lowers  the 
friction  coefficient  but  also  provides  a  mechanism  for  greater  loss  of  MoS,, 
and  increased  wear  rate. 

The  study  also  supports  a  concept  that  a  solid  lubricant  additive  or  a 
lubricant  by  itself,  that  acts  benefically  due  to  softening,  is  likely  to 
have  a  small  envelope  of  usefulness  in  terms  of  temperature,  pressure,  and 
sliding  speeds.  This  is  in  contrast  to  materials  such  as  MoS~  and 
graphite,  which  act  as  lubricants  because  of  their  laminar  structure  and 
have  a  much  larger  envelope  of  usefulness  in  terms  of  temperature, 
pressure,  and  slidinc  speeds. 
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